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Abstract 
This paper presents results of research carried out so far during a national project named Aquarius (2012-2014) granted by the 
National Centre for Research and Development in Poland. The project was granted to the consortium of partners including 
Adaptronica sp. z o. o. (coordinator), Department of Environmental Engineering of the Warsaw University of Technology and 
Telium J. Klimkowski, D. Warowny s.c. The objective of the project is to implement a system for detection of leaks and 
optimal control of flow in water distribution networks (WDNs) based on pressure measurements. The leak-detection system 
will be supported by an electronic system for remote transfer of measurement data using GSM protocols. 
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1. Introduction 
Water resources in Poland are relatively modest. In terms of the amount of water per capita, Poland is 22nd in 
the ranking of 26 listed European countries. Poland has 22 km3 of water resources, which are assessed as possible 
to use. It gives a resource of approximately 1500 m3 per year per inhabitant. Estimates of loss of water in Poland 
indicate a level of about 18.6%, but the data can be damped by water companies and the loss may exceed even 
20%. It should be noted that the identification of leaks in water distribution networks in Poland is underrated due 
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to the fact that the state of water supply networks still deviates from the average in the European Union. The aging 
pipelines and a lack of investment in modern methods of fault detection may lead to increasing problems with the 
delivery of high-quality drinking water to residents.  
 
The project Aquarius will use an innovative idea of Adaptronica to adapt a damage identification method - the 
Virtual Distortion Method (VDM) - successful in mechanics to another area of engineering - hydraulics. 
Theoretical foundations of the VDM were developed at the Institute of Fundamental Technological Research 
(Holnicki-Szulc et al. 2005). The idea of adaptation of the method for solving the problem of identification of leaks 
in water distribution networks has been submitted in 2009 to the Polish Patent Office (Kolakowski et al. 2010). It 
uses the system analogies between the truss structures and water distribution networks, discovered by Hardy Cross, 
University of Illinois, 1936. The most important observation is that in both the considered systems can be modelled 
mathematically by graphs. Similarly electrical circuits can be modelled. This allows for adaptation of two basic 
Kirchhoff's laws for electrical systems, the balance of currents in a circuit node and the balance of voltage in a 
closed loop. From the point of view of systems theory, the difference between trusses and water distribution 
networks is that the latter are modelled using oriented graphs, indicating the direction of water flow. Another 
difference is the non-linear constitutive law in hydraulics, in contrast to the linear Hooke's law in classical 
mechanics. 
 
The problem of leakage identification is solved in several stages. First, incidence matrix is constructed that 
defines the direction of flow in the pipe network. Knowing the volume of the power supply, relationships between 
pressures and flows within the network are defined assuming the nonlinear Hazen-Williams constitutive law. Then 
the influence matrix is calculated. It contains information about the system global response to local pressure 
perturbations named virtual distortions, which are used to model leaks in the network. The distortions are 
introduced to the branch using two flow vectors of opposite directions (Wu et al. 2010). The problem of detecting 
leaks in the water distribution network is formulated as an optimization problem - minimizing the objective 
function, which is a measure of the difference between the experimentally measured and numerically modelled 
pressures at the measurement points (Sala and Kolakowski 2011). This problem is a typical quadratic 
programming task, which can be solved by standard optimization procedures such as Powell's. Others method  
presenting steady state  inverse analysis  are described in Liggett and Chen (1994) and Pudar and Ligett (1992).  
 
The main objective of the project is to create a system, operating on the basis of updated pressure measurements 
in the network. The target system should be able to address the following issues: 
• calibration of the numerical model of the hydraulic network to achieve good agreement between the model and 
measurements in the field (experiment) 
• automatic and precise determination of leak location in the network, using the adaptation of the VDM, 
• adjustment of the leak detection method for measurements in any selected measurement points - it is practical to 
measure the pressure in the existing network access points such as hydrants, 
• optimal control of valves in the network in order to improve water quality by enforcing its continuous 
circulation and the elimination of retention in some parts of the network with small discharge 
• wireless transmission of measurement data from sensor installation points. 
2. Formulation of the leak problem 
The Virtual Distortion Method (VDM) presented in Holnicki-Szulc (2008) is the basis of analytical formulation 
of the leak identification problem. Referring to the system analogies described briefly in previous section, the 
relation between water head h (equivalent of displacements) and head loss Δh (equivalent of strains) can be written 
as follows:  
hNh T=Δ   (1) 
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where N is a constant matrix (storing only three values 0, 1, -1) connecting branches to nodes and showing the 
direction of flow in the network. The 1 (flow coming out) and -1 (flow coming in) entries are incident to the 
direction of flow, therefore the matrix N is called incidence matrix. 
The global equilibrium is ascertained by the formula combining external supply q (equivalent of external forces) 
and internal flow Q (equivalent of internal forces): 
NQq =   (2) 
The Hazen-Williams constitutive law, for calculating head loss Δh, reads: 
85.1RQh =Δ  (3) 
and for calculating internal flow Q, reads: 
Qhg =Δ 54.0  (4) 
where R is the hydraulic resistance and g – hydraulic conductance, respectively. For the sake of making use of 
the Virtual Distortion Method, the non-linear system of a water distribution network has to be linearized, by taking 
a tangent conductance g' for every branch (Liggett and Chen 1994) instead of the original g: 
46.054.0' −Δ=Δ= hghd
dQg  
 
(5) 
Taking into account the connectivities of branches and aggregating equations for the whole network, we get a 
linearized system of equations to be solved for water head h at the defined supply q:   
qhG ='   (6) 
where G' is a matrix combining tangent conductances g'. 
In the framework of the VDM, some pseudo-quantities (called virtual distortions) are introduced to the system 
in order to modify it according to user’s intention (direct problem e.g. change of element cross-section) or to 
identify an existing modification (inverse problem e.g. detection of defect). To fully take advantage of the VDM, 
the influence matrix D needs to be built. This matrix stores information how the entire system responds to some 
prescribed virtual distortions. In order to model leaks in the network, the virtual distortions are imposed in the form 
of two flow vectors directed towards the midpoint of a branch (see Fig. 1). The corresponding influence matrix D 
has n rows and b columns where n is the number of nodes, b – number of branches in the network. 
 
The problem of leak detection is formulated as minimization of mean difference between the measured hm and 
modeled h water head at pressure sensors:   
2)(min msensor hh −Σ   (7) 
 
 
Fig. 1. Flow vectors pointing towards the midpoint of a branch to simulate leak. 
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The modeled water head h is a sum of the initial value hini and the correction hcor, which can be expressed in 
terms of the influence matrix D and pseudo water heads Δh0 (virtual distortions - design variables):  
0hDhhhh inicorini Δ+=+=   (8) 
Proper constraints should be imposed to complement the optimization problem. Water head must not be 
negative at positive supply:      
0≥h   (9) 
At the assumed direction of flow vectors in Fig. 1 when building the influence matrix, the resultant virtual 
distortions must not be positive:     
00 ≤Δh    (10) 
The optimization task (7), (9), (10) is the quadratic programming problem, which can be solved by standard 
routines. 
3. Precise detection of leak along branch 
The previously developed approach (Holnicki-Szulc et al. 2005) took the simplifying assumption that leak is 
modeled by inserting an extra node in the middle of the branch. The identification of leak was limited to pointing 
out the branch in which the leak occurred.  
It is obvious however that branches of water distribution systems may be quite long. Therefore there is a need to 
track exact positions of leakage along the branch instead of identifying just the branch. In order to resolve the 
problem one should change the way of building the influence matrix from two fixed flows (of the same magnitude) 
shown in Fig. 1 to two varying flows (of different magnitude) depicted in Fig. 2.  
Let us consider an example of the water distribution network consisting of 6 nodes, 9 branches and 4 loops, 
presented in Fig. 3. The process of searching for leakage along a branch proceeds in iterations. It starts with the 
assumption that the leak is located in the middle of the branch.  
 
Fig. 2. Flow vectors pointing towards arbitrary point of a branch to simulate leak. 
If this assumption is not met i.e. the position of leakage is arbitrary, the result of leak identification using the 
standard procedure will be diffused to the network branches connected to the node which lies the closest to the 
leakage (see Fig. 4). This tells us that we should focus our attention on just halves of the branches suspected of 
leakage, which are adjacent to the previously determined node. If so, a correction for building influence vectors for 
virtual distortions imposed in these co-nodal branches should be applied. This is done by subsequent halving of the 
analyzed branches to pinpoint the precise position of leak with a defined accuracy. The outcome of this iterative 
process is shown in Fig. 4. 
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Fig. 3. Four-loop water network: leak in arbitrary position. 
 
Fig. 4. Performance of old algorithm with leak prescribed to midpoint of a branch vs. new algorithm pinpointing the exact leak position, for 
the case shown in Fig. 3. 
4. Measuring pressure at arbitrary points 
Measuring water head values at network nodes was another limitation of the first approach (Holnicki-
Szulc 2008). This assumption is very impractical a s network nodes are usually not good candidates for taking 
measurements. It is much more convenient to measure at arbitrarily located hydrants with the help of suited 
sensors. From the point of view of VDM, the operation requires rearrangement of the influence matrix from being 
rectangular n x b to being quadratic b x b, with the assumption that every branch is equipped with one hydrant. 
A distribution of hydrants is proposed for the analyzed network (see Fig. 5) in order to check the usefulness of 
hydrant measurements for the leak detection. The result for the case of leakage located in the middle of branch no. 
9 is presented in Fig. 6 and confronted with nodal measurements. The agreement is very good which confirms that 
the points of measurements have no impact on the physics of the problem. 
 
Fig. 5. Water network with sensors placed in hydrants. 
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Fig. 6. Comparison of leak identification with sensors placed at nodes and hydrants. 
5. Experimental water network 
Essential part of the work is the design and construction of the experimental water network. It is composed of 
12 rectangular loops, each one of 1.1 x 3 meters in plane, made from PVC pipe of the diameter ¾''. The power 
supply is realized via a feeding pump with a capacity of 130 l/min and the discharge height of up to 8m. There is a 
1m difference in the height level in the network. The supply part is placed higher in order to allow more 
gravitational flow through the network. 
 
 
Fig. 7. Scheme of the experimental water network. 
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Fig. 8. Experimental network prepared for measurements. 
A numerical model of the network has been prepared in EPANET (Rossman 2000). The intact experimental 
network was considered first with the prescribed supply, with no leakage. Results of matching the EPANET model 
to experimental data are shown in Fig. 9. Good agreement can be observed. 
  
 
Fig. 9. Comparison of the measurement and numerical data – model calibration. 
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Then, the network subjected to one leak in branch PI17 was considered. An extra node was placed in the middle 
of the branch to discharge water directly to the reservoir. Calibration results are presented in Fig. 10. Another 
leakage was placed in node JU24. Results for this case are presented in Fig 11.  
 
 
Fig. 10. Result of leakage in experimental network in branch PI17 vs. numerical model response. 
 
Fig. 11. Result of leakage in experimental network in node JU24 vs. numerical model response. 
The last leakage point was placed in branch PI10 of the water network. Results are presented in Fig.12. 
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Fig. 12. Result of leakage in experimental network in branch PI10 vs. numerical model response. 
 
6. Wireless data transmission  
The Aquarius system will be supported by accompanying wireless communication system that will provide: 
• efficient transfer of data from measurement points in the network to the data center, 
• possibility of communication between the data center and the steering point in the network to remotely control 
the flow 
The scheme of the wireless module is presented in Fig. 13.  
The module is equipped with a GSM transmitter, which is responsible for the transmission of data to FTP 
server. The modules will operate without an external power supply. It will be equipped with high capacity batteries 
that are recharged by solar panels. The data collected from the modules will be available via web pages. The 
results of the algorithms will presented in graphical form. 
 
Fig. 13. Scheme of  the wireless unit. 
Conclusions 
The methodology enabling the leak detection is based on the adaptation of the VDM-related identification 
problems in structural mechanics for the leak detection problem in water distribution networks operating at steady 
state flows. Three significant improvements have been made. First, the problem has been formulated for the 
 
  %
 !
 !%
 "
 "%
 #
! " ' ( ) !  !! !" !# !$ !% !& !'







	

		 	
		% ,
1469 D. Sala and P. Kołakowski /  Procedia Engineering  70 ( 2014 )  1460 – 1469 
Hazen-Williams constitutive law, which was subsequently linearized. Second, the ability of the leak identification 
algorithm to track the position of leak precisely along network branch was added. Third, practical aspect of the 
problem i.e. taking measurements of water head levels at hydrants instead of nodes was considered. These 
solutions are possible thanks to appropriate modifications of the influence matrix.  
 
The paper presents the goals of the project named Aquarius, whose implementation is planned for 2013-2014. 
The project aim is to create a system for efficient detection of leaks in water distribution networks and optimal 
control of water flow. Thus far, the tasks related to the state of the art in have been completed. An experimental 
network has been built to carry out leak tests. Calibration of the EPANET model to experimental responses has 
been initiated. 
 
Further research will focus on considering various leak scenarios and optimal control of valves in the network. 
Wireless transmission data unit will be developed as well. 
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